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ABSTRACT
Accurate stellar parameters and precise elemental abundances are vital pieces to correctly charac-
terize discovered planetary systems, better understand planet formation, and trace galactic chemical
evolution. We have performed a uniform spectroscopic analysis for 1127 stars, yielding accurate grav-
ity, temperature, and projected rotational velocity in addition to precise abundances for 15 elements
(C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Ni, and Y). Most of the stars in this sample are Kepler
Objects of Interest, observed by the California-Kepler Survey (CKS) and include 1,003 stars hosting
1,562 confirmed planets. This catalog extends the uniform analysis of our previous catalog, bringing
the total of homogeneously analyzed stars to almost 2,700 F, G, and K dwarfs. To ensure consistency
between the catalogs, we performed an analysis of our ability to recover parameters as a function of
S/N ratio and present individual uncertainties as well as functions to calculate uncertainties for param-
eters derived from lower S/N ratio spectra. With the updated parameters, we used isochrone fitting to
derived new radii, masses and ages for the stars. We use our abundance analysis to support the finding
that the radius gap is likely a result of evolution rather than the result of primordial compositional
differences between the two populations.
Keywords: stars: solar-type
1. INTRODUCTION
Our understanding of planets and the planet forma-
tion process is almost entirely dependent on the pho-
tons collected from their host stars. Planet mass and
radius depend directly on the stellar mass and radius
for planets detected through radial velocities and tran-
sits. Broad categories of planet composition (rocky, icy,
gaseous) are inferred from their average density (e.g.
Zeng et al. 2016; Grasset et al. 2009; Seager et al. 2007),
although more recently we have begun to use transmis-
sion and reflectance spectra of close in planets to di-
rectly probe the compositions of their atmospheres (e.g.
Huitson et al. 2017; Morley et al. 2017; MacDonald &
Madhusudhan 2017; Kreidberg et al. 2015).
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Despite the meager evidence in any given system, the
rapid increase in planet discoveries allows us to exploit
the demographics of exoplanet hosts to probe the planet
formation process. The planet metallicity correlation
(Fischer & Valenti 2005; Santos et al. 2004) provided
strong support for the core-accretion model over gravi-
tational stability by comparing systems with giant plan-
ets on short period orbits to stars without such planets.
As the number of discovered planets has exploded, we
now know that almost all stars have planets (Burke et al.
2015; Howard et al. 2012; Winn & Fabrycky 2015). With
our current planet detection limits, it is impossible to
construct a control sample of stars without planets. In-
stead, we have begun to compare the host metallicities
of different types of planets, finding that smaller plan-
ets form around stars with a wider range of metallicities
than hot Jupiters (Buchhave et al. 2014), though possi-
bly that metal rich stars more easily form planets of all
sizes (Mulders et al. 2016; Wang & Fischer 2015).
Studies of correlations between composition and
planet formation have focused on overall metallicity,
or [Fe/H] as a proxy for total mass in heavy elements.
ar
X
iv
:1
80
4.
00
67
3v
2 
 [a
str
o-
ph
.SR
]  
30
 Ju
l 2
01
8
2 Brewer & Fischer
It is easier to measure due to the large number of atomic
lines and is thought to trace the solid surface density
in the protoplanetary disk, which may lead to more ef-
ficient planet formation. However, ices and their rocky
formation sites may have a greater influence on the
rapid formation of planetary cores (Brugamyer et al.
2011; Dodson-Robinson et al. 2009; Robinson et al.
2006). During the main sequence lifetimes of sun-like
stars, the abundances of heavy elements in the stellar
photosphere decrease by . 0.1 dex and ratios between
elements remain almost unchanged (Dotter et al. 2017;
Asplund et al. 2009; Turcotte & Wimmer Schweingru-
ber 2002). This makes them excellent proxies for the
initial composition in the protoplanetary disk for sys-
tems where we already know the outcome of planet
formation.
Recently, two distinct size populations of small planets
were identified in the initial batch of Kepler Objects of
Interest (KOIs) (Fulton et al. 2017). There is a bimodal
distribution in planet radius with a deficit of planets
between 1.5R⊕ and 2.0R⊕. The distribution was pre-
dicted to exist based on models of post-formation atmo-
spheric loss due to photo-evaporation and corroborat-
ing evidence from early radius measurements (Lopez &
Fortney 2013; Owen & Wu 2013; Lundkvist et al. 2016).
Although photo-evaporation largely explains the radius
distribution, differences in the compositions of the plan-
etary cores could also play a role. Unterborn & Panero
(2017) show that varying the magnesium to silicon ratio
effects the oxygen uptake in planetary cores, changing
the mass and radius of the final planet.
The clearly defined planet radii provided in Fulton
et al. (2017) provides a sample where we can explore
differences in composition that may influence the planet
formation process. By examining the Mg/Si ratio of the
small radius planet hosts, we can probe the initial com-
positions that went into forming their planetary cores.
This work derives detailed elemental abundances for
15 elements for all of the stars in the CKS catalog (Pe-
tigura et al. 2017, hereafter P17), placing them on the
same scale as the catalog of Brewer et al. (2016, here-
after B16). In addition, we add additional observations
of a handful of KOIs that had low S/N or were not in-
cluded in the CKS catalog. Because most of the CKS
spectra were observed at lower S/N than those in the
B16 catalog, we derived updated uncertainties for the
stellar parameters as a function of S/N. We then exam-
ine the host compositions of the bimodal small planets
identified in Fulton et al. (2017) to evaluate the possibil-
ity that there is a chemical difference that leads to the
differing planet sizes.
2. DATA AND ANALYSIS
The CKS program obtained Keck HIRES spectra of
a large number of Kepler objects of interest (KOI) us-
ing the same instrumental setup as that in B16. This
allowed us to easily apply the same analysis method to
derive stellar properties and abundances for all of the
stars. The CKS program targeted the first large data
release of KOIs (Borucki et al. 2011), expanded that
to include all KOIs with Kp < 14.2, then included some
more interesting fainter systems. For the magnitude lim-
ited sample, the mean S/N per pixel is 45 measured on
blaze near 5500 A˚, but the fainter stars were observed
at lower S/N. The instrument setup for all stars uses
the red collimator of HIRES with the C2 and B5 deck-
ers, which both have the same width and a resolution of
∼ 62, 000. Before our analysis, the spectra are first con-
tinuum normalized using the automated procedure of
Valenti & Fischer (2005), which uses an iterative poly-
nomial fitting procedure that replaces deep lines with
pixels from neighboring orders. Residual trends in the
continuum had no noticeable impact on the final spec-
troscopic parameters (B16).
We used Spectroscopy Made Easy (SME) (Piskunov &
Valenti 2017) with a single line list in an iterative pro-
cedure to fit the global stellar parameters (Teff , log g,
[M/H], and total rotational broadening from vmac and
v sin i in a single parameter vbroad) and abundances for
15 elements. Initial model parameters were set to the
solar abundance pattern (Grevesse et al. 2007) with tem-
perature and gravity derived from the stellar color. We
fit first for the global stellar parameters and individual
abundances of the α-elements calcium, silicon, and tita-
nium to account for deviations from a solar abundance
pattern. After the initial fit, the model parameters were
used as the starting parameters with the temperature
perturbed by ±100 K and the spectra were re-fit. Using
the average parameter values of the three fits, the global
parameters were fixed and we fit for the abundances of
15 elements (C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn,
Fe, Ni, and Y). With this new abundance pattern, we
iterate the procedure once. Finally, we fix the macro-
turbulence using the relation derived in B16 and fit for
the projected rotational velocity (v sin i).
2.1. Uncertainties and Signal-to-Noise
The majority of the spectra in Brewer et al. (2016)
were observed at a S/N per pixel > 100 and the uncer-
tainties for that analysis were derived from that data.
The authors noted that the scatter in the recovered
abundances doubled for the spectra with S/N < 80. Be-
cause the targets in the CKS sample are fainter, the
mean S/N is ∼ 50 with a significant fraction having
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S/N < 40. To quantify the impact of decreasing S/N
on our ability to reliably recover stellar parameters and
abundances across a variety of stellar types, we simu-
lated observations of the Sun and a cool star at a range
of S/N ratios and analyzed those spectra as if they were
real observations using the procedure above. The in-
crease in the standard deviation in the returned param-
eters over that at S/N = 100 for each of the S/N ratios
then gives us a measure of the increased uncertainty for
the lower S/N ratio spectra.
To generate the simulated observations of the Sun, we
convolved the solar atlas of Wallace et al. (2011) with
a Gaussian of the same width as the instrumental pro-
file of the Keck HIRES B5 decker using the gaussbroad
function from SME. We then resampled the spectrum
to match the pixel scale from HIRES using the resamp
function, also from SME. With this ‘observation’ we
then generated 25 realizations of the spectrum at S/N
ratios of 20, 30, 40, 50, 60, 80, and 100 by adding gaus-
sian random noise to every pixel. For the cool star,
we chose an existing spectrum with a S/N ∼ 380 and
added noise to generate 25 new spectra in the same bins
as for the simulated solar spectra. After analyzing these
simulations, we found the standard deviation in all pa-
rameters for the two sets of 25 spectra as a function of
S/N to quantify the changing uncertainty.
2.2. Small Planet Hosts
Using the catagories of small planets identified by Ful-
ton et al. (2017), we selected all planets with Rp < 1.8
R⊕ as ‘Super-Earths’ and all with 1.8 < R⊕ < 3.5 as
‘sub-Neptunes’. Fulton et al. (2017) also made several
quality cuts in the data to avoid contaminating their
sample with stars with poorly determined parameters.
Specifically, they removed false positives, stars fainter
than Kp < 14.2, transit impact parameters greater than
0.7, orbital periods greater than 100 days, evolved stars,
and stars outside of the range 4700 K < Teff < 6500 K.
We performed the same cuts to remain consistent with
their analysis, though a check on the full sample with-
out those cuts showed no qualitative difference in our
results. This resulted in 433 super-Earth sized planets
and 267 sub-Neptunes. Most stars host only planets
that are all about the same size (Weiss et al. 2018),
and so we are tempted to remove from our sample those
outlier hosts that contain both super-Earths and sub-
Neptunes (∼ 10%). However, we could not guarantee
that our sample would be free of mixed systems, only
that we had not detected them. We allow these hosts
to count in both samples when comparing hosts instead
of planets. Finally, we excluded any planets that were
around evolved stars to avoid both evolutionary effects
and analysis trends in our abundances. The resulting
sample contained 433 Earth sized planets around 335
dwarf hosts, and 267 sub-Neptunes around 216 dwarf
hosts.
3. RESULTS
We performed a homogeneous analysis of planet
search stars, most of which are confirmed planet hosts,
to derive global stellar parameters and abundances for
15 elements (C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr,
Mn, Fe, Ni, and Y) using the procedure of B16. We
made cuts identical to those in B16 to keep only stars
in the temperature (4700 K ≤ Teff ≤ 6800 K), gravity
(2.5 ≤ log g ≤ 5.0), metallicity (−2.0 ≤ [M/H] ≤ 0.6),
and rotation (0.5 km/s ≤ vrot ≤ 25.0 km/s) ranges
where our procedure returns consistent results. The fi-
nal set of parameters comes from 1,185 spectra of 1,149
stars, mostly Kepler Objects of Interest (KOIs). Of
those, 77 duplicate stars in the previous catalog are
included here to look at abundance differences in small
planet hosts. Due to the low average S/N ratio of the
spectra, we also simulated spectra at a range of S/N
ratios to derive uncertainties for the spectra. Finally,
we used a subset of the stars, defined in Fulton et al.
(2017) to look for correlations between planet radius
and stellar composition. We break out each of these
results below.
3.1. Spectroscopic Stellar Properties
We present the stellar parameters determined from
fitting observed spectra with synthetic spectra in two
tables. Tables 3 and 4 match Tables 8 and 9 in B16
and contain the global stellar parameters and the final
trend-corrected abundances respectively. This layout
was chosen to better facilitate combining the two data
sets. In Table 6 we provide the per-star uncertainties
for both the global stellar parameters and abundances
using Equation 2.
The SPOCS ID is in Column (1) of Tables 3 and 4, fol-
lowed by the star name in column (2). The SPOCS ID
numbers are shared with Valenti & Fischer (2005) and
B16 and all stars new to this catalog have ID numbers
> 3247. Columns (3) and (4) of Table 3 contain the RA
and DEC of the star, Columns (5)-(7) contain the Teff ,
log g, and [M/H] derived from this analysis. Note that
[M/H] is the metallicity of the model atmosphere used
to derive the best fit model spectrum but does not nec-
essarily match the [Fe/H] value for the star. For stars
with available broadband colors and 0.4 < B−V < 1.0,
we calculated both of the chromospheric activity indi-
cators SHK (Column (8)) and logR
′
HK (Column (9))
values following the procedure outlined in Isaacson &
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Figure 1. All of the stars in this sample (green filled circles, gold filled stars), overlaid on those of B16 (light blue and dark
blue points), which used the same analysis technique. Due to both evolutionary effects and the increasing influence of NLTE for
evolved stars, we have divided the sample into dwarfs (green and light blue) and evolved (gold and dark blue) indicated by the
red dashed line. The majority of the stars in this work are Kepler Objects of Interest (KOIs) observed by the California-Kepler
Survey (CKS) and are dwarfs. The point colors correspond to the same stellar groups for other plots in this work.
Fischer (2010). In modeling the spectra, we first derive
the total rotational broadening, vbroad (Column (10))
then using the final parameters and abundances fix vmac
(Column (12)) using the relations in B16 and solve for
v sin i (Column (11)). The barycentric radial velocity,
vrad (Column (13)), is the average over all epochs. The
average SNR (Column (14)) for the spectra along with
the average RMS residuals between model and observa-
tion in the continuum and line regions (Columns (15)
and (16)) give a measure of the fit. The final column of
Table 3 (Column (17)) contains the number of spectra
analyzed that were averaged to give the final parameters
and abundances.
The stars in the sample span dwarfs to early giants
or late subgiants from 4700 K to 6800 K (Figure 1).
As a star evolves off the main sequence, abundances in
the photosphere can be altered by changes in the extent
of the convective zone. When making abundance com-
parisons, we will limit ourselves to stars on the main
sequence, and so divide our sample using the Teff and
log g relation developed in Myles et al (2018 in prep).
3.2. Elemental Abundances
In Table 4, Columns (18)-(32) contain the solar rela-
tive log number abundances for 15 elements. The abun-
dances are differential with respect to the Sun, using
asteroid spectra as a reference, and then calibrated to
minimize trends in abundance with temperature using a
sample of high SNR dwarf spectra (Brewer et al. 2016).
The abundances for both main sequence and evolved
stars cover the same ranges as those in B16 (Figure
2). For most elements there are no strong trends in
abundance with Teff for dwarfs. However, for elements
that suffer from NLTE effects, such as oxygen and man-
ganese at temperatures above 6100 K, evolved stars are
more strongly affected. This behavior is expected due
to the sensitivity of NLTE effects to atmospheric struc-
ture (Bergemann et al. 2012) and care should be taken
when comparing abundance ratios of evolved and main
sequence stars.
3.3. Comparison to CKS
The CKS Catalog includes parameters for 1305 stars
including some that are hotter or cooler than those in-
cluded in this analysis. In addition, some spectra ana-
lyzed by P17 did not successfully converge in our anal-
ysis due to low S/N or did not meet our quality cuts
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Figure 2. Elemental abundances for 15 elements (C, N, O, Na, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe, Ni, and Y) plotted against
temperature. There are no significant trends in the dwarf abundances (green circles) and they match the distribution of dwarfs
from B16 (light blue points). The evolved stars (gold stars from this work, dark blue points from B16) show an offset to higher
metallicities that may be due to these stars being younger, on average, than longer lived dwarfs. For some elements, NLTE
effects can induce trends in abundances with temperature and gravity. In this analysis, oxygen and manganese are the most
affected, particularly for hotter and more evolved stars, and these trends can be seen here.
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for fit, 4700 K < Teff < 6800 K, 2.5 < log g < 5.0, or
0.5 km/s < vbroad < 25 km/s. In total, there are 1,011
stars in common between the two catalogs. We discard
one of those (KOI-1060) in the following discussion be-
cause P17 report its v sin i as 456 km/s, which is likely
a failure in their interpolation for this star as visual in-
spection shows the spectrum to be a low S/N but slowly
rotating star (v sin i = 7.7 km/s) and is well fit by our
model.
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Figure 3. For main sequence stars there appears to be a
small offset between P17 and this work. Stars with 3.7 <
log g < 4.4 also show a slight trend of decreasing Teff with
decreasing log g.
In general, the parameters in the CKS catalog and
this work agree to within our mutual uncertainties, al-
though there is a slightly higher dispersion in Teff (Fig-
ure 4). There is a 26 K offset in the mean Teff between
the two samples, and the standard deviation about this
mean is 79 K. When comparing the difference in tem-
peratures as a function of log g there is a trend between
3.7 . log g . 4.4 (Figure 3). At lower gravities as mea-
sured in this work, the temperatures from P17 are sys-
tematically higher, decreasing to be equal at about solar
log g, then increasing sharply again at higher gravities.
This behavior can be seen in the temperatures alone in
the Teff panel of Figure 4 and there is a slight trend in
surface gravity itself at log g > 3.7. As these issues were
not encountered in comparisons with other catalogs in
B16, we assume that these are an artifact of the inter-
polation process in P17. The temperature average was
forced to agree with our scale, however the fluctuations
match roughly with the 250 K spacing of their model
grid (Petigura, private communication).
3.4. Uncertainties
The expected outcome from adding increasing amounts
of noise to our model is increasing uncertainty in our
fit and should follow a 1/(S/N) relation. The scatter in
the fits to simulated solar and cool star spectra showed
Table 1. Mean standard devia-
tions by parameter for Sun and cool
star simulations. The uncertainties
from B16 are also included here for
convenience in calculating total un-
certainties.
Parameter σ100 B16 Unc
log g 0.010 0.050
Teff [K] 6.000 25.000
[M/H] 0.005 0.010
v sin i [km/s] 0.090 0.500
[C/H] 0.011 0.026
[N/H] 0.032 0.042
[O/H] 0.023 0.036
[Na/H] 0.013 0.014
[Mg/H] 0.008 0.012
[Al/H] 0.016 0.028
[Si/H] 0.009 0.008
[Ca/H] 0.010 0.014
[Ti/H] 0.008 0.012
[V/H] 0.013 0.034
[Cr/H] 0.006 0.014
[Mn/H] 0.011 0.020
[Fe/H] 0.006 0.010
[Ni/H] 0.007 0.012
[Y/H] 0.014 0.030
slightly different responses to the decreasing S/N ratio.
In general, the result followed a 1/(S/N) relation, with
some parameters having a slightly flatter and others
a slightly steeper relation. Since the differences were
small and inconsistent between the solar and cool star
case, we chose the single functional form proportional
to 1/(S/N) for all of the parameters.
The increase in the scatter in returned parameters was
approximately proportional to 1S/N , with some varia-
tions between the solar case and the cool star case. To
calculate the additional uncertainties for spectra with
S/N < 100, we chose this form and began at the mean
standard deviation at S/N = 100 of the Sun and cool
star for each of the parameters (Equation 1). The ex-
ception was v sin i, which was negligible in the cool star
and had no variation in recovered v sin i. We simply
subtracted 0.05 km/s from the solar case to obtain a
reasonable approximation to the v sin i values.
∆σ = σ100 ∗ 100
S/N
(1)
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Figure 4. Differences between the parameters derived in this work and those from P17 with the means plotted as dashed grey
lines. The CKS analysis is based on interpolation within a grid of models or observed spectra and has larger uncertainties than
those in this work. For most of the 1010 stars in common, all parameters agree to within the combined uncertainties, however
effective temperatures have slightly higher differences that are likely due to the 250 K spacing of their model grid.
To calculate the additional uncertainties for spectra
with S/N < 100, we then calculated this additional σ
for all of the parameters and abundances using Equa-
tion 1, where σ100 is the mean standard deviation be-
tween the solar and cool star case at S/N = 100, and
added them in quadrature to the uncertainties provided
in B16 (Equation 2). The uncertainties in that work
were calculated by determining the distribution of dif-
ferences between all stars with multiple observations and
S/N > 100, then multiplying by two to account for pos-
sible systematic trends. Table 1 provides the means for
Equation 1 to calculate new uncertainties (Equation 2)
for the lower S/N spectra from Brewer et al. (2016).
Two parameters that differed significantly between
the solar and cool star simulations were v sin i and
[N/H]. In the case of v sin i, the cool star showed neg-
ligible rotational broadening and our model fitting con-
sistently returned the minimum v sin i.
σnew =
√
σ2b16 + ∆σ
2 (2)
The uncertainties listed in Table 6 are the statistical
uncertainties from fitting models to observations. They
provide a measure of the precision but, with the excep-
tion of log g, do not incorporate any estimate of the ac-
curacy of the parameters. At solar temperature, gravity,
and metallicity B16 demonstrated that the parameters
and abundances were accurate, consistently returning
the solar values.
We also looked at the change in the mean itself to see
if any of the parameters or abundances had systematic
trends induced by the decreasing signal-to-noise. In gen-
eral, there are no appreciable or consistent shifts in the
mean as a function of the decreasing S/N. However, the
mean returned nitrogen abundance decreased to -0.04
dex at S/N = 30 and -0.09 dex at S/N = 20. We have
added these offsets in quadrature to the uncertainties
in the nitrogen abundance at these S/N ratios. The
mean in the oxygen and manganese abundances also
show trends, though they are much smaller, reaching
positive and negative 0.024 dex respectively at S/N = 20
and do not appreciably affect the uncertainties.
3.5. Star and Planet Radii
Although the differences between the parameters de-
rived in the CKS catalog and this work were small, there
were some systematic differences in both log g and Teff .
Because the CKS values were then used to derive the
stellar radius, and from that the planet radius (Johnson
et al. 2017), these differences could have an effect on any
8 Brewer & Fischer
0.01
0.02
0.03
0.04
0.05
 lo
g 
g
Cool Star
Solar Atlas
5
10
15
20
25
30
 T
ef
f
Cool Star
Solar Atlas
20 30 40 50 60 70 80 90 100
S/N
0.005
0.010
0.015
0.020
0.025
 [M
/H
]
Cool Star
Solar Atlas
20 30 40 50 60 70 80 90 100
S/N
0.0
0.1
0.2
0.3
0.4
0.5
0.6
 v
 si
ni
Cool Star
Solar Atlas
Figure 5. Standard deviation in mean of returned parameters when analyzing 25 simulated spectra of the Sun and 25 spectra
of a cool star at varying S/N ratios. The solid lines represent (1 + 1/(S/N)) times the standard deviation at S/N = 100. We use
this as an additional uncertainty term, added in quadrature to that derived in B16, for all spectra with S/N < 100. Parameters
for stars with S/N & 50 are generally very precise and corrections to the uncertainties are small. The cool star had negligible
v sin i and the always returned the same value.
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Figure 6. Standard deviation in mean of returned abun-
dances for elements that started with scatter of ∼ 0.01 dex
at a S/N of 100. The solid lines are ∝ 1
S/N
and reasonably
approximate the increased scatter in the abundances. This
is added in quadrature to the uncertainty derived in B16, for
all spectra with S/N < 100.
interpretations related to the size of the planets. We fol-
lowed the same procedure as Johnson et al. (2017), us-
ing the Python package isochrones (Morton 2015) to
fit our parameters and 2MASS (Skrutskie et al. 2006)
K magnitudes from SIMBAD (Wenger et al. 2000) to
isochrone grids from the Dartmouth Stellar Evolution
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Figure 7. Standard deviation in mean of returned abun-
dances for elements that started with scatter of ∼ 0.02 dex
at a S/N of 100. The solid lines are ∝ 1
S/N
and reasonably
approximate the increased scatter in the abundances. This is
added in quadrature to the uncertainty derived in B16, for all
spectra with S/N < 100. Nitrogen abundances in the solar
case have a larger scatter even at higher S/N and rapidly de-
teriorate in precision as S/N decreases. However, for the cool
star simulations the scatter in nitrogen abundance increases
at about the same rate as oxygen.
Database (Dotter et al. 2008). However, we also in-
cluded Gaia DR2 parallaxes (Collaboration et al. 2016),
which we obtained using the CDS cross-match service
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Table 2. Scatter in recovered parameters as a function of S/N.
Std dev in Solar case at S/N of: Std dev in cool star at S/N of:
Parameter 20 30 40 50 60 80 100 20 30 40 50 60 70 80 90 100
Teff 27 25 195 14 11 10 7 23 16 11 11 5 5 4 5 4
log g 0.047 0.049 0.029 0.020 0.017 0.016 0.010 0.049 0.028 0.019 0.020 0.011 0.012 0.008 0.007 0.010
[M/H] 0.024 0.018 0.015 0.009 0.009 0.007 0.006 0.026 0.017 0.011 0.010 0.005 0.005 0.004 0.004 0.005
v sin i 0.555 0.529 0.415 0.338 0.183 0.223 0.173 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[C/H] 0.046 0.040 0.027 0.016 0.013 0.013 0.011 0.052 0.031 0.018 0.015 0.015 0.015 0.012 0.007 0.010
[N/H] 0.358 0.246 0.139 0.092 0.075 0.063 0.042 0.107 0.064 0.042 0.047 0.039 0.019 0.020 0.014 0.023
[O/H] 0.092 0.062 0.043 0.036 0.034 0.023 0.019 0.113 0.072 0.050 0.042 0.034 0.032 0.026 0.023 0.027
[Na/H] 0.067 0.056 0.031 0.025 0.018 0.023 0.014 0.062 0.034 0.023 0.024 0.018 0.014 0.009 0.012 0.013
[Mg/H] 0.034 0.025 0.019 0.011 0.014 0.010 0.008 0.033 0.023 0.014 0.012 0.007 0.008 0.006 0.004 0.007
[Al/H] 0.071 0.062 0.056 0.032 0.029 0.020 0.018 0.077 0.048 0.026 0.020 0.021 0.014 0.020 0.019 0.015
[Si/H] 0.041 0.025 0.021 0.020 0.014 0.013 0.009 0.035 0.019 0.016 0.016 0.009 0.012 0.009 0.010 0.009
[Ca/H] 0.044 0.035 0.025 0.017 0.013 0.011 0.011 0.048 0.030 0.020 0.015 0.009 0.011 0.009 0.007 0.009
[Ti/H] 0.055 0.030 0.025 0.025 0.016 0.015 0.011 0.041 0.029 0.016 0.018 0.006 0.008 0.007 0.008 0.006
[V/H] 0.106 0.050 0.042 0.037 0.027 0.026 0.017 0.046 0.030 0.023 0.019 0.011 0.010 0.008 0.008 0.009
[Cr/H] 0.027 0.022 0.018 0.019 0.010 0.011 0.007 0.023 0.017 0.015 0.014 0.007 0.006 0.007 0.005 0.005
[Mn/H] 0.051 0.041 0.029 0.020 0.014 0.015 0.010 0.059 0.036 0.026 0.020 0.015 0.016 0.011 0.011 0.011
[Fe/H] 0.025 0.017 0.015 0.009 0.008 0.007 0.006 0.027 0.017 0.012 0.010 0.005 0.006 0.005 0.005 0.005
[Ni/H] 0.035 0.023 0.020 0.012 0.012 0.007 0.008 0.031 0.018 0.012 0.012 0.008 0.007 0.004 0.005 0.005
[Y/H] 0.062 0.032 0.039 0.028 0.018 0.018 0.015 0.066 0.039 0.030 0.026 0.020 0.017 0.014 0.012 0.014
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Figure 8. A comparison of stellar radii from Johnson et al.
(2017) compared to radii derived from isochrone fitting using
our newly determined [Fe/H], Teff , and log g in conjunction
with Gaia DR2 parallaxes (Collaboration et al. 2016). The
grey dashed line shows the 1:1 line and the thin black line
shows a simple linear fit to the uncertainty weighted mean
of the sample. The RMS scatter about this fit is 11%.
with a 1.5” radius, for all but 28 stars that were not
found (5) or had no reported parallax (23). More than
one Gaia source was found for about 30 of the stars, so
we chose the closest match in these cases. Additionally,
five had negative parallaxes (Luri et al. 2018), but this
was still a useable constraint for the isochrones pack-
age. Seven stars without K magnitudes were not fit.
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Figure 9. Comparison of the probability density functions
(PDFs) fit using a Gaussian kernel density estimate (KDE)
of small planet radii derived in this work with those derived
in Johnson et al. (2017). The solid heavy lines are fit to the
actual radii and the light thin lines are fits to 200 bootstrap
realizations of the data. There is no significant difference
between the two sets of radii, though our analysis seems to
slightly favor larger radii.
The isochrone fitting gives us radii, masses, and ages for
the stars and we compile all of those along with their 1-
σ uncertainty ranges in Table 5. Including the parallax
in the isochrone fits gave us slightly tighter constraints
on the radius than we would have, giving us a median
uncertainty in radius of only 4.4%, with 90% of the stars
having an uncertainty of less than 20%.
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We found generally good agreement in the radii for
most stars (Figure 8), with an offset of 7.7% and a
weighted standard deviation of 11%, though there was a
small systematic with larger stars having slightly larger
radii in our analysis. The small planet comparison
looked only at stars with smaller radii, where there is
generally better agreement and smaller scatter. We also
re-derived the planet radii using our updated stellar radii
and verified that the distribution of small planet radii
was relatively unchanged with a small shift to larger
radii (Figure 9). We compared the full distributions of
all matching planets between Johnson et al. (2017) and
this work. To estimate the uncertainties in the empiri-
cal PDFs, we generated 200 bootstrap realizations of the
radii and found that they are consistent, though there
may be a preference for slightly smaller radii of the sub-
Neptunes with our new radii.
3.6. Small Planet Compositions
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Figure 10. The distribution of host star Mg/Si ratios for
super-Earth sized planets (orange) is nearly identical to that
of sub-Neptune sized planets. Plotted are probability density
functions (PDF) for the planets calculated using a Gaussian
kernel density estimator. The fainter lines of each color are
PDFs generated in the same way from 200 bootstrap re-
samplings with replacement and the vertical lines mark the
median of each distribution. The PDFs are nearly identical
and there does not appear to be any difference in the compo-
sition of these stars that might lead to differing planet radii,
lending support to the idea of post-formation sculpting of
the planets by photo-evaporation. A similar comparison us-
ing only hosts and not planets, to avoid counting the same
star twice, yields a qualitatively identical picture.
Our hypothesis is that chemical differences in the pro-
toplanetary disk, specifically in the Mg/Si ratio, could
lead to differences in the mass of the planetary core.
This in turn could lead to a bimodal population of small
planets. To test this, we used a Gaussian kernel density
estimator to calculate the probability density function
(PDF) of the host Mg/Si distribution for the super-
Earth and sub-Neptune sized planets.
The Mg/Si distribution of planets with Rp < 1.5R⊕
is statistically indistinguishable to that of planets with
1.5R⊕ < Rp < 3.5R⊕ (Figure 10). To estimate the un-
certainties for the PDFs we used bootstrap resampling
to generate 200 realizations of each sample and gener-
ated PDFs using a Gaussian kernel density estimator.
The PDFs appear very similar, but to quantify any dif-
ferences between them we also performed a two sample
Kolmogorov-Smirnov (KS) test on the cumulative dis-
tributions. We found that the KS test could not reject
the null hypothesis that both samples were drawn from
the same distribution and returned a two sided p-value
of 0.33. Because the multiplicity of smaller planets is
slightly higher than that of larger planets in our sample
(∼ 1.3/star vs. ∼ 1.17/star), we may be slightly shifting
the distributions through weighting. However, when we
looked at just the distributions of hosts and not planets
we saw a qualitatively identical distribution. In fact, the
host samples appear even more similar than when look-
ing at the planets. The KS test for the hosts returned a
two sided p-value of 0.73.
We also looked at the distribution of planet radius
as a function of the Mg/Si ratio of their host stars by
calculating a two-dimensional PDF in radius and Mg/Si
space (Figure 11). We found again that there was no ap-
preciable difference in the distributions for super-Earth
sized planets and sub-Neptunes.
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Figure 11. Planet radius as a function of host star Mg/Si
ratio for planets around dwarf stars with super-Earth and
sub-Neptune planets. The contours represent the two di-
mensional PDFs calculated using a Gaussian kernel density
estimator as in the one-dimensional PDFs from Figure 10.
There is no apparent correlation between the Mg/Si ratio of
a planet’s host star and the radius of the planet in either the
super-Earth or sub-Neptune samples.
4. DISCUSSION
SPOCS Kepler Sample 11
Stellar elemental abundances give us a window to the
primordial compositions present in the protoplanetary
disk. Differences in composition can lead to differences
in planet mass, radius, and geology as well as formation
timescales by altering the availability of grains where
ices form (O¨berg & Bergin 2016; Piso et al. 2016; Un-
terborn & Panero 2017). The current state of the art
in spectral analysis leads to very precise abundances,
but comparisons between different analyses often far ex-
ceed the reported uncertainties (Hinkel et al. 2016). To
minimize the effects of varying analyses, we performed
a uniform differential analysis of a large number of Ke-
pler objects of interest, placing them on the same scale
as that of B16. This homogeneous catalog of almost
2,700 stars enables detailed relative abundance studies
and can lead to insights into the planet formation pro-
cess.
4.1. Uncertainties
One issue that can still affect abundance comparisons
using this catalog is the varying S/N ratio of the spec-
tra, especially for fainter stars that are generally ob-
served at lower S/N ratios. By simulating more than
700 observations at varying S/N, we showed that our
analysis method was robust to the increasing noise. At
S/N ratios above 50, the RMS scatter in the returned
parameters remained relatively small and there were no
trends in the mean of the returned parameters and abun-
dances. Below a S/N of 50 the scatter in all parameters
increased rapidly and in a few cases, particularly nitro-
gen abundance, the mean of the abundance also shifted
away from the true value. To facilitate comparisons for
stars within the catalog, we quantified the increase in
our uncertainty due to decreasing S/N and provide a
table of individual uncertainties for the parameters of
the 1,149 stars in this catalog.
The uncertainty corrections that we derived also ap-
ply to the previously analyzed stars in B16. Though
parameters for most of the stars in that catalog were
derived using spectra with S/N > 100, almost 25% used
lower quality spectra. The uncertainty equations here
will allow their inclusion in abundance studies without
risk of skewing the interpretation.
4.2. Abundances
The analysis procedure used in this work has already
been shown to produce accurate gravities in agreement
with asteroseismic values to within 0.05 dex (Brewer
et al. 2015), and other stellar parameters along with
precise abundances that, for most elements, don’t have
strong trends with temperature (Brewer et al. 2016). In
Figure 2, we can see that the stars added in this catalog
follow the same general distributions, for both dwarfs
and evolved stars, as those from the previous catalog.
One interesting feature that can be seen in the abun-
dances is a slight difference in the distribution of dwarfs
and evolved stars. This could be due to either flaws in
the analysis, which may have trouble at the lower grav-
ities of evolved stars, or actual astrophysical differences
at a given Teff , or both.
An evolved star at a given effective temperature will
be a more massive star that has migrated to its cur-
rent position on the HR diagram after a comparatively
short life compared to dwarf stars of that temperature.
This, somewhat counterintuitively, will generally mean
that the evolved star will be younger than the dwarfs
at similar temperatures and so will have formed at a
metallicity the same or higher than its main sequence
counterparts. However, during a star’s main sequence
lifetime the surface abundances will tend to decrease due
to diffusion and gravitational settling out of the convec-
tive layer (Michaud et al. 1984; Paquette et al. 1986;
Turcotte & Wimmer Schweingruber 2002; Dotter et al.
2017). Once the star begins to evolve off of the main se-
quence and its convective region begins to grow, some of
this material can be re-mixed into the convective region
and the surface abundance will be closer to or exceed its
initial value (Dotter et al. 2017; Souto et al. 2018). Ra-
tios between most elements remain relatively constant.
0.6 0.4 0.2 0.0 0.2 0.4
[Fe/H]
0.0
0.5
1.0
1.5
2.0
2.5
Pr
ob
ab
ili
ty
 D
en
si
ty
B16 Dwarfs (1105)
This Work Dwarfs (946)
B16 Evolved (505)
This Work Evolved (203)
Figure 12. [Fe/H] distributions for dwarf (teal blue and
green lines) and evolved (dark blue and yellow lines) stars
in the B16 sample and this work. Evolved star abundances
are slightly higher overall, conforming to our expectations of
higher metallicity in evolved stars due to expanded convec-
tive zones. The bold lines are PDFs from a Gaussian KDE fit
to the data and the thin lines are the same for 200 bootstrap
realizations of each sample. Vertical lines mark the median
of each sample.
In both the B16 sample and this work, the dwarf stars
are very slightly more metal poor than the evolved stars
(Figure 12), which agrees qualitatively with our expecta-
tions. When looking at the [Si/Fe] ratios, which should
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Figure 13. Si/Fe distributions for the same sub-samples
as in Figure 12. If the evolved stars and dwarfs started with
the same abundances, then the Si/Fe ratio should be sim-
ilar. The differences in the distributions points to possible
systematic errors in recovering abundances for evolved stars.
We see confirmation of this in the double peaked distribution
of evolved stars in B16 (dark blue lines). We broke out just
those stars with log g < 3.7 in the B16 evolved star sample
(light blue lines) and see that they are almost entirely low
Si/Fe stars. The bold lines are PDFs from a Gaussian KDE
fit to the data and the thin lines are the same for 200 boot-
strap realizations of each sample. Vertical lines mark the
median of each sample.
match more closely, we instead see that the B16 evolved
stars show a significant shift to lower Si/Fe (Figure13).
Closer examination shows that all of the stars with lower
Si/Fe have log g < 3.7, placing them as older subgiants,
or at the base of the giant branch. There are compara-
tively few of these stars in the current work but we do
see that all evolved stars are reporting a systematically
lower Si/Fe than dwarfs. This points to a systematic
trends in abundance with log g for the evolved stars with
lower surface gravities. We can also see some indications
of these effects by eye when looking at the [X/Fe] ratios
as plotted in Figures 14 and 15. We only used dwarf
stars in our planet radius comparisons, which do not
show these trends.
4.3. Mg/Si Ratios of Small Planet Hosts
There is no difference in the Mg/Si ratios between
hosts of super-Earth sized planets and hosts of sub-
Neptune planets (Figure 10), nor is there any difference
in the Mg/Si ratio as a function of planet radius between
the two groups of planets (Figure 11). This contradicts
our hypothesis that varying oxygen uptake in planetary
cores, leading to different planet masses, could explain
the bimodal small planet populations found in Fulton
et al. (2017). This eliminates metallicity as a driver for
planet size and shows that planet radius evolution is
driven by post-formation sculpting of the planetary at-
mospheres (Owen & Wu 2013, 2017; Fulton et al. 2017).
There do seem to be differences in planet multiplicity
between the two populations, and there are hints of dif-
ferences in other abundance ratios, but these are beyond
the scope of the current paper and will be explored in
future studies.
5. SUMMARY AND CONCLUSIONS
We present a catalog of accurate stellar parameters
and precise abundances for 1,149 stars, mainly from the
Kepler field, spectra for which were originally obtained
as part of the California-Kepler Survey (P17). The same
procedure was used to analyze the spectra of B16 and
77 stars in this catalog were previously presented in that
work.
Due to the low average S/N ratio of spectra in this
catalog, we investigated the impact of low S/N on our
analysis method. We used high resolution, high S/N
spectra of the Sun and a cool star, degraded to the res-
olution of the Keck HIRES spectrograph with varying
amounts of noise applied. We used these simulated ob-
servations to develop an uncertainty correction for all
of our parameters and abundances. We provide inde-
pendent uncertainties for all of the stars in this catalog
and equations to calculate updated uncertainties for the
stars in B16.
We find that the abundances of stars in this catalog
largely agree with those from B16, however note some
differences that highlight a possible systematic error in
the abundances for evolved stars.
We do not find any difference in the Mg/Si ratios be-
tween the hosts of super-Earth sized planets when com-
pared to sub-Neptune hosts. This suggests that chemi-
cal differences in their formation are unlikely to have led
to the bimodal distribution in sizes.
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Figure 14. Light elements [X/Fe], after applying empirical correction from B16, plotted against both temperature and [Fe/H].
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Figure 15. Heavy elements [X/Fe], after applying empirical correction from B16, plotted against both temperature and [Fe/H].
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Table 5. Derived Stellar Properties.
ID Name Plx σ Plx R ∆ R M ∆ M Age ∆ Age
(mas) (mas) (R) (R) (M) (M) (Gyrs) (Gyrs)
(1) (2) (33) (34) (35) (36) (37) (38) (39) (40)
2281 KOI-3248 2.7 0.023 1.14 1.12 - 1.16 0.96 0.95 - 0.97 8.40 8.01 - 8.73
2361 KOI-4273 −1.31 0.5 1.81 1.69 - 1.95 1.34 1.29 - 1.39 3.48 3.29 - 3.76
2393 KOI-3605 1.78 0.018 0.98 0.97 - 0.99 0.86 0.85 - 0.86 14.77 14.40 - 14.94
2405 KOI-3197 3.54 0.035 1.12 1.10 - 1.13 1.16 1.15 - 1.18 1.08 0.61 - 1.60
2430 KOI-1353 1.39 0.018 1.03 1.01 - 1.05 1.07 1.06 - 1.09 2.22 1.40 - 3.03
2435 KOI-4323 0.93 0.015 1.74 1.70 - 1.78 1.33 1.32 - 1.35 3.06 2.96 - 3.14
2445 KOI-3384 1.6 0.017 1.29 1.27 - 1.32 1.11 1.10 - 1.12 5.20 4.89 - 5.54
2460 KOI-4409 2.2 0.028 1.28 1.25 - 1.30 1.12 1.10 - 1.13 5.36 4.96 - 5.76
2464 KOI-4226 1.34 0.031 1.98 1.93 - 2.04 1.39 1.37 - 1.40 3.62 3.48 - 3.80
2485 K2-58 5.47 0.043
Note—Table 5 is published in its entirety in the electronic edition of this article. A portion is shown here
for guidance regarding its form and content.
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